Chitin Chitin/protein interaction Chitin/water interaction X-ray diffraction a b s t r a c t Synchrotron X-ray diffraction was applied to study the structure of biogenic a-chitin crystals composing the tendon of the spider Cupiennius salei. Measurements were carried out on pristine chitin crystals stabilized by proteins and water, as well as after their deproteinization and dehydration. We found substantial shifts (up to Dq/q = 9% in the wave vector in q-space) in the (0 2 0) diffraction peak position between intact and purified chitin samples. However, chitin lattice parameters extracted from the set of reflections (hkl), which did not contain the (0 2 0)-reflection, showed no systematic variation between the pristine and the processed samples. The observed shifts in the (0 2 0) peak position are discussed in terms of the ordering-induced modulation of the protein and water electron density near the surface of the ultra-thin chitin fibrils due to strong protein/chitin and water/chitin interactions. The extracted modulation periods can be used as a quantitative parameter characterizing the interaction length.
Introduction
Organisms produce a wide range of intricately structured biocomposites exhibiting hierarchical architectures at multiple length scales, from nanometers to millimeters. Vertebrate bones and teeth or mollusk shells are familiar examples, which are composites of biopolymers and minerals (Weiner and Wagner, 1998; Lowenstam and Weiner, 1989; Mann, 2001) . On the other hand, plant materials such as wood are non-mineralized load-bearing biological composites comprised of polysaccharide fibers (cellulose) embedded in an amorphous polysaccharide (hemicellulose) and a complex aromatic alcohol polymer (lignin) matrix (Fengel and Wegener, 1984) . Similar to wood, the spider cuticle, which is the subject of the current work, is a non-mineralized biomaterial built of semi-crystalline polysaccharide fibers (chitin) embedded into a hydrated protein matrix (Barth, 1973) .
The interactions between the load-bearing components (polymeric fibers or minerals) and the (organic) matrix are of great importance to both the formation mechanisms and the mechanical performance of composite biological materials (Berman et al., 1988 (Berman et al., , 1990 Pokroy et al., 2004; Zolotoyabko and Pokroy, 2007) . Importantly, the interaction of the organic molecules with specific atomic planes within biogenic calcium carbonate has been established (Berman et al., 1990; Pokroy et al., 2006a,b) and shown to induce anisotropic lattice distortions in the mineral. Distortions reach a maximum of about 0.2% along the c-axis in both biogenic aragonite and calcite and disappear upon mild annealing at 200-250°C, which selectively destroys the organic matrix (Pokroy et al., 2004 (Pokroy et al., , 2006a .
The interactions between the proteins and the load-bearing chitin crystals in various arthropod cuticles have been studied using X-ray diffraction, biochemical methods, and molecular modeling. Early reports (Fraenkel and Rudall, 1947; Rudall, 1963) outlined the agreement between repeating distances along the c-axis in the orthorhombic chitin crystal structure (extracted from X-ray diffraction measurements) and the expected repeats along b-strands in pleated sheet motifs in specific matrix proteins, which would allow for multiple interactions between chitin and the proteins (Neville, 1993) . Atkins (1985) identified another repeating distance of 0.475 nm, which is the spacing between chitin chains along the a-axis within the (0 1 0)-planes and also the distance between strands in a pleated protein b-sheet structure.
In the arthropod cuticle, each chitin crystal is coated with globular proteins that give rise to additional features in the diffraction pattern of the cuticle, which is otherwise dominated by the diffraction from the chitin crystals. Blackwell and Weih (1980) showed the presence of axial layer-lines in the 2D X-ray diffraction pattern of the intact ovipositor cuticle of the wasp Megarhyssa, corresponding to a protein repeat of 3.06 nm along the chitin fibril and suggested that the protein consists of sub-units arranged in a 6 1 -helix around the crystalline chitin core. It was also deduced that the protein/chitin interaction in the ovipositor of the wasp Megarhyssa takes place on the (0 1 0) chitin plane, presumably by multiple hydrogen bonds (Atkins, 1985; Blackwell and Weih, 1980; Vincent and Wegst, 2004; Neville, 1967) .
Biochemical studies of proteins from a wide variety of arthropod cuticles identified a conserved chitin-binding sequence, the so-called R&R consensus sequence (Rebers and Willis, 2001) . Using homology modeling, it was suggested that the preferred secondary structure of chitin binding domain in cuticular proteins, the socalled R&R consensus sequence, is an antiparallel b-sheet structure in a half b-barrel structure. In this configuration aromatic residues face the internal b-barrel surface and are expected to interact with the chitin crystals (Suetake et al., 2000; Iconomidou et al., 2005) .
In this article, we shed additional light on the protein/chitin and water/chitin interactions, by studying X-ray diffraction profiles from biogenic chitin in its intact, deproteinized, hydrated and dried state. We model the protein-and water-induced modulation of the diffraction profiles, and track the apparent changes in the lattice parameter, b, upon dehydration and deproteinization. The investigated chitin crystals are the building blocks of the arthropod cuticle, specifically, the tarsal tendons of the wandering spider Cupiennius salei.
Materials and methods

Samples
Adult specimens of the Central American wandering spider C. salei (Barth, 2002) were obtained from the breeding stock at the Department of Neurobiology of the University of Vienna. The spiders were transported in dry ice and stored at À20°C for 3 months at maximum. Tendons were pulled from the metatarsus segment of the leg and mechanically cleaned from muscle residues. The dorsal and the ventral tendons were indiscriminately used.
Partial and full deproteinization by basic treatment and bleaching
For partial deproteinization, tendons were immersed in 15 mL of 40% w/w KOH aqueous solution and heated at 70°C under continuous stirring for 30 min. The samples were then thoroughly washed with distilled water and air-dried. The level of deproteinization was monitored by amino acid analysis (data not shown). Pure chitin -full deproteinization -was obtained by immersing tibiae cuticle samples in 0.3% NaClO solution buffered at pH 4.9 in 0.1 N acetate buffer solution at 70°C for 3 h after an initial partial deproteinization treatment with KOH as described above.
Wide-angle X-ray scattering (WAXS)
Tendon samples attached to a silicon frame were mounted vertically in a custom-made humidity-controlled chamber and measured at a dedicated SAXS/WAXS station of the l-Spot beam line at the synchrotron BESSY II (Helmholtz Center, Berlin, Germany). An X-ray energy of E x = 15 keV (k = 0.0826 nm) was chosen from the synchrotron radiation spectrum by a multilayered monochromator (bandwidth DE x /E x % 0.01). The incident X-ray beam was focused on the sample by a toroidal mirror, and the final beam size was defined by a pinhole of 100 lm diameter placed in front of the sample. WAXS data were collected using a large-area 2D detector (MarMosaic 225, Mar USA Evanston, USA), situated approximately 300 mm behind the sample. The sample-to-detector distance was calibrated by measuring the diffraction from quartz standard.
Tendon and tibiae samples were measured at three different positions along the sample. For converting the 2D diffraction data into 1D profiles (as a function of the scattering vector, q), Matlab 8.6 software and the in-house SAXS/WAXS analysis software DPDAK (https://dpdak.desy.de/index.php/Hauptseite) were used. Selected diffraction profiles were fitted to pseudo-Voigt functions with a linear background using OriginPro9.1. For fitting peak positions, the scattering vector q was converted to d-spacing by applying Bragg's law (d = 2p/q). The extracted lattice parameters were determined using the peak positions of the (0 0 4), (0 4 2), (0 2 1), (1 1 0) and (0 1 3) reflections and averaged over the relevant measurement set.
Humidity control
A custom-made chamber was used to control temperature and humidity during X-ray measurements. The temperature was controlled using a thermostat (HUBER Ministat). The relative humidity (RH) was controlled using a WETSYS humidity generator (SETARAM) and was monitored by an EK-H4 Evaluation Kit (Sensirion) set up with a SHT75 capacitive sensor placed a few millimeters away from the sample. The accuracy of the RH and temperature readings was ±2% and ±0.5°C, respectively. Humidity was set to a constant RH of 10% for ''dry" samples and 90% for ''wet" samples. All samples were equilibrated for one hour prior to diffraction measurements.
Raman spectroscopy
Spectra were acquired with a confocal Raman microscope (CRM200, Witec, Germany) equipped with a piezo scanner (P-500, Physik Instrumente, Karlsruhe, Germany). A linearly polarized near-infrared diode-laser (Toptica Photonics AG, Graefelfing, Germany) was used in combination with a Nikon 20Â microscope lens. The spectra were acquired using an air-cooled CCD (PI-MAX, Princeton Instruments Inc., Trenton, NJ, USA) behind a grating (300 g/mm) spectrograph. The overall Raman intensity was maximized by adjusting the laser focus by means of an integrated light-microscope. The ScanCtrl Spectroscopy Plus software (Witec, Germany) was used for spectra acquisition (three hardware accumulations, ten software accumulations, 1 s integration time) and WiTec Project Plus was used for data processing.
Results and discussion
The tarsal tendon is used by the spider to flex its tarsus (the last segment of the leg) and to move the pretarsus containing the claws (Speck and Barth, 1982) . The tendon is built of tightly packed achitin fibrils surrounded by proteins, which are aligned along the chitin c-axis (Fig. 1) . The atomic structure of pure a-chitin was the subject of several comprehensive studies (Blackwell and Weih, 1980; Minke and Blackwell, 1978; Carlström, 1987; Sikorski et al., 2009) . The space group is P2 1 2 1 2 1 ; and its orthorhombic unit cell has the following dimensions: a = 0. 474 nm, b = 1.886 nm and c = 1.032 nm (Minke and Blackwell, 1978) . The main motif of this structure comprises the adjacent polysaccharide chains running in antiparallel directions along the c-axis (crystallographic and fiber axis). The chains construct molec-ular sheets by forming hydrogen bonds nearly parallel to the aaxis, and the sheets are stacked along the b-axis by additional hydrogen bonding. Less attention, however, has been given to potential structural modifications due to the protein/chitin and water/chitin interactions in pristine (intact) samples.
In order to better understand these interactions within the tendons, we collected X-ray diffraction patterns from intact, partiallyand fully-deproteinized tendon and tibia samples kept at low (dry) and high (wet) relative humidity. Details of sample preparation are given in the Section 2. The 2D diffraction diagrams of tendon specimens mounted vertically show the characteristic symmetry of the fiber diffraction pattern with reflections along the equatorial axis, originating in (hk0)-type chitin planes, and meridian reflections, originating in (0 0 l)-planes ( Fig. 2A) . Along the equatorial axis, the (0 2 0) and (1 1 0) reflections are most intense. Between these two reflections, additional low intensity reflections at angular positions corresponding to the scattering vectors q = 9.44 nm À1 (d = 2p/q = 6.66 Å) and q = 11.45 nm À1 (d = 5.48 Å), marked by arrowheads in Fig. 2B , are seen in intact, but not in partially deproteinized samples. These weak reflections correspond to those formerly observed in the ichneumonid wasp Megarhyssa species (Atkins, 1985; Blackwell and Weih, 1980 ) and attributed to subsidiary maxima in the four-chain thick chitin crystals (Atkins, 1985) . Close to the meridian axis, four reflections are seen: the (0 0 1), (0 0 2), (0 1 2) reflections (the latter partially overlapping with the (0 0 2)-reflection), and the (0 1 3) reflection ( Fig. 2A) . In a-chitin single crystals, the (0 1 2) and (0 1 3) vectors of the reciprocal lattice are inclined with respect to the [0 0 1]-axis by 15.3°and 10.3°, respectively. However, due to some angular spread of chitin fibrils about the main axis, the corresponding diffraction spots transform into arcs, which overlap along corresponding DebyeScherrer rings. A rather intense reflection appears in intact samples close to the meridian, at q = 13.82 nm À1 (d = 4.54 Å). This reflection does not correspond to an integer number of fiber layer-lines and disappears upon deproteinization (see Fig. 3A ). For these reasons, we attribute it to the protein matrix. In fact, d-spacings in the range of 4.5-4.7 Å are characteristic for strand spacings in a pleated bsheet motif (Merkel et al., 1999) and have been observed in Xray diffraction patterns taken, for example, from silk (Valluzzi and Jin, 2004; Fossey and Kaplan, 1993; Geddes et al., 1968) and amyloid peptides (Sunde et al., 1997; Jahn et al., 2010) . We use the disappearance of this reflection as evidence of a substantial decrease in the amount of proteins in our samples after the appropriate chemical treatment. The occurrence of the b-sheet motif within the protein matrix in intact tendon samples is also confirmed by Raman spectroscopy, which shows an intense peak at 1669 cm À1 characteristic of the protein b-sheet configuration (Iconomidou et al., 2001) (Fig. 4 ). An important experimental finding emerges from comparing the diffraction patterns of bleached (i.e. fully deproteinized) and intact chitin samples (Fig. 5 ). In the bleached dry sample (with no proteins, measured at low relative humidity), the (0 2 0)-type diffraction spots and (0 2 1)-type diffraction spots have the same (0 1 0)-projection in reciprocal space (i.e. the same distance along the equatorial line in Fig. 5A ). However, in the presence of proteins (Fig. 5B) , the (0 2 0)-type and (0 2 1)-type diffraction spots possess clearly different (0 1 0)-projections along the equatorial line. The projection of the (0 2 0)-type diffraction spots in the intact sample is significantly shorter than that of the (0 2 1)-type diffraction spots. This implies that a b-lattice parameter value extracted from the (0 2 0)-reflection will be substantially larger than that extracted using the (0 2 1) or other (hkl) reflections.
In fact, with the exception of the (0 2 0) reflection, when analyzing all other reflections with sufficient intensity, we find no systematic differences in lattice parameters, a, b, and c, following processing. The obtained data for pristine, deproteinized, and bleached samples are summarized in Table 1 and compared with well-documented lattice parameters for pure chitin (Minke and Blackwell, 1978) . Thus extracted lattice parameters deviate from tabulated values for pure chitin by less than 1% (Fig. 6) .
When comparing the (0 2 0) diffraction profiles in pristine and treated chitin samples, we observe remarkable shifts in peak position, as is illustrated in Fig. 7A . Correspondingly, the lattice parameter b, extracted directly from the (0 2 0)-reflection, shows a large increase relative to the bleached dry state, reaching up to about 9% for intact wet and 6.5% for intact dry samples (see Fig. 7B ). Even in deproteinized and bleached samples measured at high relative humidity (deproteinized wet and bleached wet, respectively), this increase is preserved at the level of 1.5%. The possible origin of these findings is considered below in Section 3.1.
Another interesting observation is the sharpening of the chitin diffraction spots after protein removal (see Fig. 3A ). This effect is especially clear in the (0 2 0) diffraction profiles (Fig. 7A) . The large broadening of the diffraction profiles in pristine chitin samples is expected since we know from transmission electron microscopy (TEM) measurements (Barth, 1973; Atkins, 1985; Neville and Parry, 1976; Erko et al., 2013 ) that the chitin fibril diameter (in the b-direction) is about 3-4 nm (i.e. two unit cells only). Narrowing of the diffraction profiles following protein removal is attributed to the coalescence of chitin crystallites. The coalescence is likely mediated by hydrogen bonds, which were previously satu- rated by the interactions with the proteins. In the Section 3.1, we extract the sizes of chitin crystallites in the framework of the developed structural model. We note that the processing mentioned is not expected to interfere with the bulk of chitin structure itself, as confirmed by the X-ray diffraction patterns, or to cause significant deacetylation. The latter assumption was tested by Raman spectroscopy (Fig. 4) , which shows the intense band at t ¼ 1106 cm À1 assigned to symmetric stretch of the C-O-C glycosidic bond (Zhang et al., 2012; Cheol Min et al., 2013) without any observable shift to higher wavenumbers associated with deacetylation (Zhang et al., 2012) .
Model calculations
The forces acting between the protein/water and the chitin molecules may cause a modulation of the protein/water electron density close to their interface with chitin. This phenomenon is known to evolve at a monolayer scale in many two-phase systems (see e.g. Oh et al., 2005 and references therein). If the chitin crystal is very thin, the diffraction profile will be strongly influenced by the modulated electron density of the adjacent protein/water layer and the main diffraction peak will be shifted, erroneously imitating a change in lattice parameter. The largest effect of this type is indeed expected in the b-direction, along which the size of the intact chitin crystals is only about two unit cells. We also know that the (0 1 0) plane in chitin is a good candidate for strong interaction with proteins (Atkins, 1985) and water because of the availability of unsaturated hydrogen bonds in the b-direction.
Below, we calculate (in kinematic approximation) the modifications in X-ray diffraction profiles induced by such ordering processes in the proximity to the chitin surface. Specifically, we simulate the (0 2 0) diffraction profiles within a simple model, containing N chitin chains parallel to the c-axis. The chitin chains are sandwiched between two protein/water sub-layers (on both sides) with modulated electron density (Fig. 8A) . In other words, we assume that the essential electron density modulation expands from the chitin interface up to two protein/water monolayers (as is found e.g. in Oh et al., 2005) . The chitin chains are separated , assigned to symmetric stretching of (COC), glycosidic bond, and the b sheet related peak at 1669 cm À1 are indicated. Table 1 Lattice parameters, a, b, and c, extracted for intact and differently processed chitin samples, by using the set of X-ray reflections (hkl), excluding the (0 2 0 by distance, L = b/2, whereas the protein/water modulation spacing is S.
In the case of coherent interfaces (with no stochastic phase jumps in scattered wave functions), the X-ray scattering amplitude, F, generated by such a structure, is described by the following equation (as a function of the scattering vector, q):
where f 1 and f 0 are, respectively, the scattering amplitudes from the protein/water and the chitin individual sub-layers. Correspondingly, the diffraction intensity, IðqÞ ¼ F Ã ðqÞ Á FðqÞ, is:
In this model, the diffraction profile for the chitin crystal that contains N chains only (without protein/water coat), is then expressed, as:
Fig. 6. Relative deviations of lattice parameters (in percent), measured in differently treated chitin samples, as compared with those in pure chitin (Minke and Blackwell, 1978) . Reflection (0 2 0) is not considered. In order to qualitatively illustrate the re-distribution of chitin diffraction intensity caused by the modulated protein electron density, we calculate two diffraction profiles with the same b value as in pure chitin (i.e. b = 1.89 nm) (Minke and Blackwell, 1978; Sikorski et al., 2009) , and N = 4 using Eqs. (2) and (3). When the protein sub-layers, separated by spacing S = 1.13 nm, are added, the main peak is substantially shifted to lower q-value (Fig. 8B) .
We assume also that the spacing S may vary in different fibrils by an amount DS, with probability, P, that obeys a Gaussian distribution with dispersion, r:
Increasing r will smooth the simulated diffraction profiles. The next step is averaging Eq. (2) using the Gaussian function (4). For that we use an auxiliary expression (see e.g. Zolotoyabko, 2014) :
By the aid of Eq. (5), we find:
A 2 ¼ 4g sin
Expressions (6-9) were used to fit the experimental diffraction profiles taken from pristine and processed tendon samples and to extract the modulation periods, S, and their dispersions, r.
As an example, in Fig. 8C we show the measured (0 2 0) profile (dots) taken from dry intact sample superimposed with the calculated profile for N = 3, b = 2L = 1.89 nm, S = 1.09 nm, r ¼ 0:19nm (17% of S). For an intact wet sample, using the same N-and bvalues, we find S = 1.13 nm and r ¼ 0:16nm (14% of S). Note that the S-value for the wet sample is slightly larger than that for the dry sample, suggesting a swelling of the protein layers in the presence of water, whereas the dispersion, r, is smaller. This is in agreement with the general statement that ''water brings more order" to crystalline/polymer systems (Duer and Veis, 2013; Dorvee and Veis, 2013; Wang et al., 2013) , which is supposedly because water introduces a more homogeneous charge distribution at the interfaces (Agee et al., 2015) . It is worth mentioning, that protein spacings in the range of 0.9-1.1 nm in orthogonal direction to the intra-sheet b-sheet spacing (d = 4.5-4.7 nm) are found in amyloid structures and are assigned to inter-sheet stacking of b-sheets (Jahn et al., 2010) , giving rise to the possibility of a layered arrangement of the proteins surrounding the chitin crystals.
Interestingly, a small (Dq/q % 1.5%), but clear shift of the (0 2 0) diffraction peak is observed even in protein-free wet samples, as extracted from the comparison between experimental diffraction profiles taken from wet and dry bleached samples (Fig. 7) . It is noteworthy that substantial lattice swelling in the presence of water is well known for the monoclinic b-chitin, for which large actual differences (up to Db/b % 25%) between lattice parameters in the hydrated and the anhydrous forms along the b-axis have been reported (Kobayashi et al., 2010) . The chitin chains in bchitin are packed in a parallel arrangement, as opposed to the antiparallel arrangement in a-chitin. Structural studies (Nishiyama et al., 2011) suggested that b-chitin forms molecular sheets in the ac-plane by hydrophobic forces of glucopyranoside rings and intermolecular hydrogen bonds. These sheets are stacked in the b-direction via hydrophobic forces with no hydrogen bonding between the sheets along the b-direction. When b-chitin crystals swell in water, the molecular sheets remain intact but move apart allowing the intercalation of water molecules. However, it is widely accepted that this mechanism does not apply to achitin because the anti-parallel chain arrangement results in hydrogen bonds between the molecular sheets (Minke and Blackwell, 1978) . We therefore assume that the observed shift in the (0 2 0) diffraction peak position is due to the modulation of the water electron density in close proximity to the chitin (0 1 0) surface plane, as in the case of proteins. Applying the same expressions (6)-(9), we were able to fit the experimental data using the fitted parameters values N = 8, S = 0.27 nm, and r ¼ 0:08nm (30% of S), keeping b = 1.89 nm (as in pure chitin).
The extracted modulation period, S = 0.27 nm, is much smaller than the protein modulation period (S % 1.1 nm). However, it is only a little smaller than the mean distance between molecules in liquid water, about 0.29 nm (Kobayashi et al., 2010; Fletcher, 1971) , as can be expected for less mobile water molecules near the water/chitin interfaces. It is also noteworthy that in the case of water, the electron density modulation fluctuates more from one fibril to another, as revealed by the nearly twofold higher ratio, r/S, as compared to the protein modulation.
In addition, we find a considerable increase of parameter N in deproteinized (bleached) sample (N = 8) as compared with that in intact samples (N = 3). This result is in accordance with the observed narrowing of diffraction peaks upon deproteinization (see Figs. 3 and 7) and confirms the idea that the tiny chitin crystals coalesce after protein removal.
Based on this analysis, we conclude that the large shifts of the (0 2 0) peak positions observed in intact samples, as compared to pure chitin, is an X-ray interference effect caused by the electron density modulation in the surrounding protein coat and water. We suggest that previously reported relative elongations, Db/b, for other chitin-based structures (Erko et al., 2013) are of the same nature. The fact that other reflections are not influenced by such an interference effect implies either that the modulation mentioned is mainly along the b-axis or that the number of chitin unit cells is much larger along other directions in space and, hence, the contribution of a few modulated protein/water sub-layers to the diffraction profile is insignificant. In our case, most probably both factors act in unison.
The high degree of order within the protein matrix is also evidenced by the fact that the protein trace is clearly visible in the X-ray diffraction pattern (see Fig. 2 ). The b-sheet signature in the X-ray diffraction pattern implies that the direction orthogonal to the b-strand long axis is slightly inclined with respect to the chitin c-axis. Previous models of protein/chitin interactions in the arthropod cuticle, suggested that the b-strands in the b-sheet motif are arranged parallel to the c-axis, whereas in our case the strands are tilted. The different arrangements may result from the presence of dissimilar proteins in each system, as expected for different phylogenic groups (i.e. spiders vs. insects). In addition, we have investigated different cuticular structures (tendon vs. ovipositor). Such variability in chitin-protein arrangements may be related to the occurrence of a rich family of chitin-binding cuticular proteins and the variability observed within the chitin-binding domains (Willis, 1999; Cornman et al., 2008) . Our results are compatible with structural predictions of chitin-binding proteins containing the R&R consensus sequence, which suggest a possible arrangement of the protein b-strands perpendicular to the chitin chains long axis (Iconomidou et al., 2005) . Certainly, additional work is needed in order to fully address this issue.
Conclusions
Using synchrotron X-ray diffraction we measured lattice parameters of the orthorhombic a-chitin crystals in the spider's tarsal tendon in intact samples and after deproteinization and dehydration. With the notable exception of the (0 2 0)-reflection, lattice parameters extracted from the set of the available intense reflections show that the a-chitin unit cell barely changes following processing. In contrast, when analyzing the (0 2 0) diffraction profiles, we find large shifts in peak position in the wet and dry intact samples, leading to an apparent increase in b lattice parameter (Db/b % 9 and 6.5%, respectively), as compared to pure chitin (i.e. fully deproteinized and dried). Note, that a rather small, but clear peak shift (Db/b % 1.5%) is also observed in wet samples after complete deproteinization.
In order to explain these findings, we developed an X-ray diffraction model, which takes into account the coherent X-ray scattering not only from tiny chitin crystallites, but also from the modulated electron density along the b-axis in the protein/ water layers surrounding them. In the case of proteins, the modulation period is about S % 1.1 nm, and we suggest two sub-layers of stacked b-sheets (most probably). For pure water (with no proteins), the modulation length is S % 0.27 nm, which is slightly smaller than the mean distance between molecules in liquid water.
Taken together, these findings point toward strong protein/-chitin and water/chitin interactions, which evolve over characteristic distances of about 2S % 2 nm for proteins and 2S % 0.5 nm for water. At present, the functional role of robust protein/chitin interaction in the cuticle is not completely clear. At least from the materials engineering point of view, a strong fiber-matrix bonding at interfaces will lead to more efficient load transfer from the rather compliant matrix to the stiff load-bearing fibers. Weak interfaces, on the other hand, facilitate component delamination, thereby increasing the risk of a catastrophic failure. In addition, the proteins are expected to play a pivotal role in cuticle formation, possibly taking part in shaping the chitin nano-crystals and controlling their size. A deeper understanding of how this sophisticated processing is achieved in nature may contribute to the design and synthesis of novel functional materials.
